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Abstract

Introduction

Logistics requirementdor launch systems are

qguirementsfor new aircraft concepts but are not di- largely driven by the choices madkiring thedesign
rectly applicable to new launch vehicle concepts. Inprocess and decisions about how the design will be
order to define the support requirements and to dissupported in its operating environment. Methogrste
criminate among new technologies and processingp define the support requiremenfier new aircraft

choicesfor these systemdNASA Langley Research

conceptsl,'2 but these are not directlgpplicable to

Center (LaRC) is developingew analysis methods. new launch vehicle concept®ecause they are gen-
This paper describes several methods under deve¢rally applied during delopment phases when the
opment, gives their current status, and discusses ttaystem is fairly well defined. As such, thesethods

benefits and limitations associated with their use.
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have the adantage of well defined data and experi-
enced logisticians tgerform the analysisConcep-
tual design, by its nature, provides limite@ghicle
definition. In such studies performed at tiINASA
Langley Research Center (LaRC), application of
aircraft methods to launch vehicle designs Haesen
limited both by the reduced level of definitionadyv
able and by the lack of applicable historical data for
reusable space wehicles. émder to define thesup-
port requirements and tdiscriminate among new
technologies and diferentaintenanceand operat-
ing concepts for these systems, it has beecessary

to dewelop new analysis methods. Thesethods
must be capable ofasking with a limited level of
concept definition to define the support required con-
sistent with both the design and operationahcept.
This paper will describe the analysis methods under
dewelopment at LaRC, give their current status, and
discuss the benefits and limitations of these ap-
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Early attempts to definesupport forconceptual
launch wehicles focused on the use of discrete event
simulation modeling?.‘5 Although useful in giving
general insight to support requirements, thedels
had to be based on assumed valtms turnaround
time, manpoer, number offacilities, etc. Histori-
cally defined support requirements wereergerally
only aailable athighly aggregated levels. This level
lacked the fidelity necessary to evaluate thieat$



of introducing new technologies and procedures tanust work with thelimited data availableduring

the concept and itsupport environmentAdditional

conceptual design, (2) they must link the design to

data, based on Shuttle operations, was obtained inthe operations and suppd@&S) environment, and
study spedically designed to aid in process defini- (3) where possible the methods need to be based on

tion, and to definemanpowerand task times for

historical data as this provides a creditabdbasis

launch support@5 While this information aided simu- from which to judge newestimates ofsupport. The

lation modeling there still was no direcbnnection

approach which was chosen was that of comparabil-

between the design and its support requirements. Thigy analysis in which the support requirements of fu-

linkage tothe design is usually through theliability

ture systems are defined based on similarities to

and maintainability (R&M) requirements. In order to known support requirements of existing systems. Two
establish this link in the absence of historical R&M of the tools being developed are a R&M model and a

data from launch vehicles, an approach wakosen

logistics model. Their relationship is illustrated in

which was based on comparability &aircraft system Figure 1 along with the simulation model which is a

requirements.

Aircraft data were used to formulate an R&M
analysis tool based on parametric estimating rela-
tionsh:fs.7'9 This method builds on one developed by
Weber0 for analyzing space system desigbased
on aircraft data. As Shuttle dateecame available in

standard analysis tool used by LaRC.
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the postChallengertime period, severatontracted
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from the Shuttle progam similar to theaircraft data

by using existing data sources. As these sources were

Logistics Model

Y

not originally intended to produce R&M data, simpli-
fying assumptions were made in order to use the

Cost factors,
consumption rates,
historical factors, costs

Cost estimating relations
and accounting formulae

\4

available information.
The concept of defining support in terms of vehi-
cle parameters was extended to the studiogistics

Figure 1. Relationship among conceptual models.

resources by also determining parameters that chaR&M Model
The R&M model addresses the problem of defin-
proach to defining these resources was developed hiyg reasonable expectatiorisr turnaroundtimes and

acterize thesupport environment. Aarametric ap-

Ebelingl4 as an extension of the R&Manalysis
tool.8:9 In addition, logistics models were d@ped
by Rockwell as a continuation of methodstially

dewveloped durin% their Personnel Laun@®ystem
(PLS) studied5:16 |n the following sections, this
report describes several of the models that baiag
dewveloped to perform operations and supporalysis
for conceptual systems, discusses the rationale for
the methodologies, provides examples of their usage,
and discusses some of the benefits and limitations of
the methodologies used.

MH/MA

Models and Analysis Methods

At LaRC, estimation oBupport requirements of
new systems addresses both the ground and flight
operations. These include not ordgtivties contrib-
uting to the direct costor organizational level main-
tenance and servicing, but also the logistisapport
which includes the facilities, supplies, transportation,
training, documentation, depot maintenance and
management. Three criteria were establisfi@dthe
analysis tools that are being deweloped: ¢hey

manpower requirements of conceptual wehicles. It is
predicated on the assumption that these requirements
should be based on thmaintenance actions gener-
ated by each mission and thmaintenance policy
that is chosen to return the vehicle to a state of flight
worthiness. The R&M model provides theritical

link between the wvehicle desigand the operating
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Figure 2. Reliability and maintainability model.



Wingspan .

Dry weight...... 200 klb
Gross weight ...2,400 kib
Dual-fuel .....ccooeeeeveeeenns LO2, LH2, RP-1

Seven engines

Figure 3. Single-stage vehicle (SSV) concept.

that can be applied to similar subsystems. This is
used to project an expectéchproement in the da-
tabase technologies to the time period of gtedy.
The critical failure rate is based on thercentage of
maintenance actions that have resultedborts out
of the total number ofmaintenance action®r each
subsystem based aircraftdata and is used to de-
fine the phased mission reliability of the system.
Maintenance policies (Tables 1 and 2) are input
through thechoices of parameters that refletttose
characteristics of either Shuttle aircraft mainte-
nance support policies or the user can create his own
policy. The primary parameters used to define the
maintenance concept include scheduledainte-

scenario. It is based on comparability to either airnance hours per operating houraternately the ra-
craft or Shuttle subsystem supporequirements tio of scheduled to unschedulemiaintenance, the
(Figure 2). The model input is matched to the levelcrew size required to do the hands-on labor, the ex-
of definition aailable from the design team. The in- tent of parallel versus serially performed repaisks,

put requires vehicle definition (Figure 3) in terms of and the power-on time requirddr ground senicing

overall dimensions, weight, and technology ifi&v
able. The output themstimates thdurnaroundtime

(GPQA). The amount of scheduleshaintenanceper-
formed on aircraft has been observed to be about half

and manpower requirements based on the system d#te unscheduled maintenance required (dependent on

sign and choice ofmaintenance concepBoth air-

vehicle size). This characteristic is used to define an

craft and Shuttle R&M information were used in de-aircraft maintenance concept in which the amount of

veloping this model.
The number ofmaintenance actionsand the
number ofmaintenancemanhours requiredor sup-

port of each subsystem are estimated based on thsystems.

users choice of comparability to eithexircraft or

scheduled maintenance reflects the maturity of a
system which haslloned the amount of prentive
maintenance to be balanced against the risfaitéd
Deweloping the same characteristic for
Shuttle, scheduled maintenance is about 4 tares

Shuttle R&M characteristics. These are primarily thethat of the unscheduled maintenan@éis is consis-

mean time between maintenance (MTBM)ean
time to repair(MTTR), a technology gwth factor,

tent with the Shuttlemaintenance concept which
requires Eetensive inspectionand testing between

and the critical failure rate (Table 1). The MTBM is flights in order to ensure successful system operation.
a measure of the system's operational reliability andhe size of the crew required to supporaintenance

is used to indicate the frequency thanintenance

must be performed on a system. The MTTR is a Table 2. Cheactaization of Maintainance Policies.
measure of the time requirefbr properly skilled

crew with all of the necessary resources to return a Aircraft Shuttle

system t(.) operating .stat.us "?‘F‘d s a measure of “}?atio of scheduled to unscheduled
systems inherent maintainability. A technology factor

was develooed bv obsening  the im atoin MAINTENANCE. ..ot 55% 400%
P Y 9 ! BIDE Typical number of maintenance actions
MTBM characteristics over geriod of years,then N
interpreting thatchange as aate of enhancement per mission.
Unscheduled........nnnencnneinen, <10 1000
Table 1. Operations and Support Drivers. Schedule.d ..................... s <10 1600
Percentage oinduced maintenance
I 0, 0,
Maintenance Actions Maintenance actlons...............: .............................................. 22% 36%
’ Makeup of maintenance
(R&M) Policy (ST 1o 1) WO Techs Techs
*MTBM *Ratio scheduled to Crew chief Quality
*MTTR unscheduled maintenance Safety
eTechnology growth  +Crew size Test Cond
factor *Ground power-on time Eng
« Critical failure rate (GPQOT) Size of maintenance crew (figal)..... 2-3 4-9




on each subsystem reflects the number of unique
skills requiredfor that technology. Fomircrdt, this
normally involves a crew chief and one or ttexch-
nicians withspecialized skillsrequiredfor the task.
For Shuttle, the crews frequently are made up of a
test conductor, a systems, quality, and safety engi-
neer, and a technician. This crew size andkeup
reflects a maintenance concegtiven by complex
. R&M

vehicle and gund systems designs, and frequently shuttedie oy~
requires engineering feft to support themainte- S ,tenancep i
nance actities. As the system matures anthinte- tudy coneept il
nance problems and processes become well docufireratike — - I&R&Mchawensncs*,
mented, the need for unique solutions frengineer- Aircraft-like Study concept Shuttle-like
ing support should lessen as repair methbdsome
‘standardized.” This should substantially reduce the Figure 5. Maintenance burden as a function of R&M
number of maintenanceactivities and reduce the and maintenance concept chataistics.
need for large crew sizes and engineerirsypport.
The currentmaintenance conceptised onShuttle requirements based on the system design cmadce
requires rtensive periods of time when the power is of maintenance concept.
on for the flight systems while they are beitagted. Once a scenario is built based on thehicle
This increased time of operation and increasgube description, weights, and flight ratebjecties, runs
sure to induceddamage has a direct effect on theare then made with the model in order to define the
amount of maintenance required. R&M characteristics of the concepadr two bracket-

The R&M model input is matched to the level of ing conditions (Figure 5). First it is defined based on
definition available from the weights andsizing comparability to Shuttle R&M characteristics and
model used by the design team. This modelsed support concepts; then based on comparability to
to dewelop the wehicle dimensions andbssistem aircraft characteristicsand support concepts(For
weights based on the wehicle performameguire- those systemdor which there are noccomparable
ments. The R&M model input (Figure 4) requires aircraft systems, assumptions of impgovents are
vehicle definition in terms of oweraldimensions, made based on the Shuttle values.) Tdrisates a
weight, and technology if availabldndividual sub- range of R&M parametersetween the currently
system weights and otheharacteristics can also be demonstrated capability of Shuttle (Shuttlaelues),
used to provide better definition. The diferences inand a set of values characteristic abfcrdt. In gen-
mission length and the space environment are aceral, the Shuttle R&M values represent the current
countedfor by the model when using thaircraft capability and theaircraft \alues the potentiafjoals
data. The Shuttle R&M data already reflects the effor new launch vehicles. The R&M model results
fects of the space environment and missiengths then provide an initial level of comparisdor new
typical for space wehicles. However, the usawust
still adjust the Shuttle values to accoufdr the
physical characteristics which are difereindbm the
Shuttle's system and to accoufdr any diferences
in the mission environments. The model can then b
used to estimate thernaround time andnanpower

Maintenance burden, manhours

Choice of Choice of
| Q R&M Maintenance BTk
ney Characteristics Policy Liby
Vehicle Predicts * Scheduled « Maintenance
maintenance maintenance burden
Systsm - actions based - * GPOT - * Turnaround
Mia;rslion on comparability « Crewing policy time
Definition to Shuttle or « Parallel versus - Staff size
aircraft systems serial work « Fleet size
* Shift policy * Etc. Vehicle processing
« Etc. facility
Figure 4. Analysis process for R&M model. Figure 6. Operatig scendo.



systems. For better insight, these results camudsel Table 3. CES for Launch Vehicle Operations & Support
as input to other models for more detailed analysis.
The cost of logistics support will also tiven 231 Operations
by the operating scenario choséor the concept 2311 Refurbishment
(Figure 6). By relating logistics support to botahis 2.3.1.2 Organizational maintenance
cle andprogam characteristics, logistic costsle- 2.3.1.3 Processing operations
ments will be sensitive to both vehicle design and its 2.3.1.4 Integration operations
operating environment. That is a primarigjective of 2.3.15 Payload operations

the logistics model. 2.3.1.6 Transfer
The logistics elements are but one part of the 2317 Launch operations
overall cost of a new system. In order to ensimat 2.3.1.8 Mission operations

all cost are accountefor a cost element structure  23.1.9 Landing/recovery/receivg operations
(CES) was defined. This CES was based upon a 2.3.1.10 Non-nominal operations

three-axis workbreakdown structure (Figure 7) con-
sisting of the configuration axis in which the wvehi-
cle’s design isspediied, the cost axis in which the
cost of the elements are defined, and the function
axis in which the elements required bmmplement
and operate a new system over its life-cycle are de-
fined. From this model, a linear CES was eleped
(Table 3) which represents tlativities required to
operate and support a space launch system.

2.3.2 Logistics Support
2.3.2.1 Depot maintenance
2.3.2.2 Modifications
2.3.2.3 Spares
2.3.24 Expendables
2.3.25 Consumables
2.3.2.6 Inentory management & warehousing
2.3.2.7 Training
2.3.2.8 Documentation
Resource 2.3.2.9 Transportation

s 2.3.2.10 Support equipment
2.3.2.11 ILS managment

2.3.3 System Support
2.3.2.1 Support
2.3.2.2 Facility O&M
2.3.2.3 Communications
2.3.2.4 Base Operations

2.3.4 Program Support

Configuration Function
axis (implementation) 2.3.5 R&D
axis
Figure 7. Work breakdown structure. Parametric Approach: The parametric ap-
proach consists of deriving regressiomquations
Logistics Model which predict directly certain logistics support re-

Logistics modeling is based on defininthose quirements as functions of wvehicle desigarame-
elements typically associatetvith operating and ters, support policies, and operatiomhlaracteristics.
supporting a system, includinfpcilities, supplies, These equations are generally based upon a compre-
transportation, training, documentatiomaintenance hensive historical database consisting of a variety of
and management. Several diferent approaches wermilitary aircrdt. In the parametric approach, primary
taken to compute these estimates. One approach ise is made of cost estimation relationsh{@ER)
based upon a set of parametric relationships, thebtained by using multiple regression techniques to
other is an accounting methodology. The primaryfit historical cost data to one or more vehidesign
estimating method chosen for each of the elements @ performance variables. Parametriestimating
illustrated in Table 4. In addition to the Logistics methods provide a statistical base establishing a
Supportelements, the logistics model addresses orrelationship between cos@nd one or moré‘cost-
ganizational level maintenance and the Systeup-  drivers.” Forthese parametric equations, the inde-
port elements. Program support and R&D &@sed pendent variables chosdar use are limited to only
on historical costs. Lack of existing data does nothose parameters which can be determinecksti-
currently allow definition of the remaining Opera- mated early in the conceptual phase of Stady.
tions elements within the model. With the dependent variable as costdependent



Table 4. Cost Elements Estimation Methods.

Cost Element Estimation Method

2.3.1 Operations

2.3.1.1 Refurbishment Historical factor
2.3.1.2 Organizational
maintenance CERs & R&M model
2.3.1.3 Processing operations Not addressed
2.3.1.4 Integration operations ®)
2.3.1.5 Payload operations ®)
2.3.1.6 Transfer ®)
2.3.1.7 Launch operations ®)
2.3.1.8 Mission operations ®)
2.3.1.9 Landing/recovery/ ®)
receivng operations ®)
2.3.1.10 Non-nominal operations %]

2.3.2 Logistics Support

2.3.21 Depot maintenance
2.3.2.2 Modffications Historical factor
2.3.2.3 Spares
2.3.24 Expendables CER
2.3.25 Consumables Accounting
2.3.26 Inentory manament

& warehousing Accounting
2.3.2.7 Training Accounting
2.3.2.8 Documentation
2.3.2.9 Transportation Accounting
2.3.2.10 Support equipment CERs or

historical factor

2.3.2.11 ILS management Historical factor

2.3.3 System Support
2.3.21 Support
2.3.2.2 Facility O&M
2.3.2.3 Communications
2.3.2.4 Base Operations

CERs

CERs
Historical factor
Historical factor

2.3.4 Program Support Historical cost

2.3.5 R&D Historical cost

variables such as weight, length, thrusglume,
guantities, etc. are used as cost@hsv Most of the
CER’s used in the model have been derifeam
aircraftdata. These equations work to the extdrat
the aircraft design and performanceharacteristics
are consistent with those being definfed the space
vehicle. When this is not thease, an alternate ap-
proach is needed.

Accounting Methodology: The accounting
methodology provides a way of incorporatiagtual

selected for independent parameters could be used to
characterize the support environment as eitresed
on Shuttle logistics support or militagircraft logis-
tics support. This work waspredicated on the as-
sumption that these differing values wouwbdaracter-
ize the two diferent(aircraft \erses Shuttle) ap-
proaches to logisticsupport.Each of theelements
for logistics support were initially defined using the
accounting methodology. The definitions were in
terms of the costs drivers unique to each element.
Both the organizational and depotaintenance
support costs are a function of the numbemalinte-
nance actions required, the time requiredrépair,
the manpower required, the frequencyreplacement
parts, as well as the flight rafer the fleet of vehi-
cles. The supply support includes the cost of buying,
storing andmanaing spares and consumables. The
spares cost are a function of the total number of

CERs or accounting RUs on a ehicle, removal and condemnatioates,

the time requiredor the repair cycle on thesgarts,

CERs or accounting the flight rate, and the sparing policy. The consu-

mables and expendables costs are primarilfure-
tion of the flight rate. The inventorynanagement
cost is a function of the cost to stock andhintain
the spares inventory. Training cost are a function of
the number of courses, the cost required tceldpv

CERs or accounting and administer the training as well as the number of

personnel and the time required to take the training.
These are a function of both the design and the main-
tenance policy. At this time computer based training
is not accountedor by the model. Documentation
costs include the dewelopment, publication, and up-
dating of the maintenance manuals. These dar&en
by the number of systems on thehicle, the number
of unique reparable lingeplaceableunits (LRU),
and the number of pages required in the manuals. At
this time the model does not accouier electronic
documentation. The transportation cost includes both
transport of the ehicle to the launch site and the
cost of transporting spares to and from the depot site.
The cost of support equipment is currently based on
Shuttle support equipment for both environments. The
cost of equipment is assumed to be proportional to
the Shuttle's based on vehicle sizernaroundtime,
and flight rate. Currently the Integratedogistics
Support (ILS)management costs are computed as a
percentage ofthe other logistics elements.

In some cases historical cost factors aased
upon Shuttle data and in other cases they reflect an
average aircraft alue. Some estimates aralso

aircraft and Shuttle data into the analysis. This isbased upon direct analogy using cost dabdained
accomplished in part by deriving historical factors forfrom the Shuttle progam. Adjustments may then be

the parameters used to define the cost elements.

set of equations were written such that treues

rAade for diferences in size, number of engines;-
formance, etc. For some subsystems and functions



this approach may provide the only medosobtain- ple, minimum maintenance personneldstermined
ing a costestimate since the Shuttle is tbaly ve-  from
hicle of its type and purpose.

The logistics model typically uses the output  ((activeoperating time/MTBM)x (MH/MA)) x mission rate
from the R&M model as inputThese are primarily 12 months x direct labor hours avail able/month/person
the turnaround time, the hands-cghicle level crew
requirements and the fleet size. Program input rebdsing the Poisson probability distribution with a
quires definition of the year on which thechnology mean equal to the average number of dematds
is based and the planned operating life. Thedel ing the repair cycle time, spare levels ammputed
also requires inputs of overall vehicle weights, mis-to satisfy aspedied fill rate. Subsystem turntime is
sion description phase times and propellant types. Ibased upon theelapsed time to complete both
addition, the support and operating scenario is descheduled and unscheduledaintenanceusing an
scribed in terms of launch and landing sites, manuaverage crew size, the assigned numbercrafws,
facturing site, and depot location (fatetermining and the computednaintenancehours. The analyst
transportation cost). The model uses this informatiorcan control turntimes by varying the number of as-
to estimate both theonrecurring and recurringost  signed crews. Howewver, this may be at thgemse
to establish and operate the system over its life cyef increasing the number of maintenance personnel if
cle. The independent parameters used byrtteelel the assigned personnel exceed the minimum number
are chosen to describe the support environment agquired based upon the computedaintenance
either similar to aircraft or Shuttle. hours.

Fundamental to the model is the assumptioat Similar values are computefbr all subsystems
the organizational support requirements drieen by  composing the vehicle. A rander the overall vehi-
the unscheduled maintenance requirements of thele turntime is found by assuming subsysterainte-
design. Both the time and personnel required to renance tasks are performed both in series and in paral-
turn it to flight status are alsdriven bythe mainte- lel with a userspediied weighted average used to
nance concept that has been assumed forsffiteem  estimate the most reasonable time. Vehicle turntime
in the R&M model. In addition the number efs- may also include payloathtegation time andtime
tems and subsystems that must be supported aom the launch pad.
drivers in the logistic support. Both the number of The output from the R&M model asel as
removals and the repair cycle time and personnel ammany of the ghicle and subsystem inpparameters
primary drivers in the depot level of logistics support. are entered into the logistics model along witbst

rates and usage factors (Figure 8). The model will
Results then compute the annual co$r each category
within the CES. For example, organizational level

An illustration of the approach used é¢stimate maintenance costs will include a rollup of albsys-
logistics costs is given in Figure 8 where tlengral tem maintenance personnel obtairfesin the R&M
flow of input and output data is showar a tyical model using:
subsystem. Vehicle design, performance and opera-
tional characteristics are entered into the R&M direct labor cost = avg tech salary ($/hr) ¥ 2080 (hr/yr)
model. If comparability to amircraft electrical sub- ¥ manpower (from R&M).
system is assumed, parametric equations will convert
vehicle and subsystem parametdesg. dry wight  The technician labor rate can be adjusted to current
and Max KVA ) into R&M parameters such as or then year dollars based uporspedied discount
MTBM, maintenancehours permaintenanceaction rate. Organizationamaintenance owverhead costs are
(MH/MA), average crewsize, schedulednainte- then added to the direct labor cost. Total spares and
nance hours per operating hour, an@moval rate  expendables costs are computed in a similar manner.
(fraction of removals permaintenance action).

(Alternatively, if desired,corresponding shuttle de-
rived parameters can be applied.) These R&M pa-
rameters along with an operational scenario which
includes the mission length and missiorate
(missions per year) can lmnvertedinto estimates

of subsystem turntimes, MTTR, spares requirements,
and maintenance personnetquirements. For exam-




Vehicle Design Cost Factor & Rates Logistics Costs Table 5 Example CES Summary OUtpUt

Parameters Technician salary Org maintenance

Dry weight Average LRU cost Spares
Wetted area T
Bt cosling | CES Annual Cost, $M
Nbr avionics systems Logistics )
Avionics weight > Model 231 Opera“ons
v | ) 2311 Refurbishment 0.00
R&M Model Cperation Concept 2.3.1.2 Organizational maintenancel.87
Param_etrlc Mission rate - . .
Equations Repair cycle time 2.3.1.3 Processing operations —
¢ l &M Model Outout 2.3.1.4 Integration operations —
odel Outpu .
Intermediate Msn reliability P 2.3.1.5 Payload operations —
Calculations R&M MTTR
MLI/?"\I)‘AA E— Model —> Ié/lamtenance personnel 2.3.1.6 Transfer —
ares .
Average crew TSmtime 2.3.1.7 Launch operations —

2.3.1.8 Mission operations —
2.3.1.9 Landing/recovery/

receivng operations —
2.3.1.10 Non-nominal operations —

Figure 8. Typical susystem.

Other costs are determined parametrically within
the model. For example, facilitgupportparametric 2.3.2 Logistics Support

estimating relationships were developed estimate 2.3.2.1 Depot maintenance 3.57
the yearly cost to operate, repair and maintain the 2.3.2.2 Modffications 0.00
facilities necessary tsupport the processing of new 2.3.2.3 Spares 4.39
launch wehicle designs. The costs includieose 2.3.2.4 Expendables 0.00
allocated to the personnel assigned to the 2.3.25 Consumables 19.96
maintenance and operation of real propdagilities 2.3.2.6 Inentory management
and related management and engineeringupport & warehousing 4.322.3.2.7
work and services. The costs alsoclude those Training .03
associated with materials, contract and other 23.2.8 Documentation 13.98
expenses associatedvith maintenance of real 2.3.2.9 Transportation .01
property facility assets. The cost data used to 2.3.2.10 Support equipment 25.22
dewvelop the parametric cost estimating relationships 2.3.2.11 ILS managment 9.53
were the total yearly aggregated. cdst a specific 2.3.3 System Support
aircrdt. As an eample, the equatioror processing 2321 Support 17.08
facility personnel cost was found to be: 2322 Facility O&M 84.08
. 4 g 2.3.2.3 Communications 1.84
Personnel $ = I:1_741,()77_%?( nbr vehicles 2.3.2.4 Base Operations 7.38
O length + wingspanj

2.3.4 Program Support —
2.3.5 R&D —
193.26

Still other logistics costs are based upomrast
accounting approach using current cost rates or, igotal
many cases, historical Shuttle valuésr ample,
consumables such as fuel and oxidizer costs arExample Trade-Off Analysis
based upon the consumption rate, flight rate and the With the capability to relate logistics costs to
current or projected cost structure. The Hfigpport wvehicle design, performance, andperational
system (ECLS) costs are computdtbm \alues paramet-ers, meaningful trades can be performed
based upon shuttlexgerience, but adjustetbr the using these models. Currently the analysis techniques
number of crew, mission duration and the flight rate. include varying one or more of these input
The model will combine and roll-up all costs to parameters and determining the effect thebBanges
correspond to the CES. Only cost computed by théhave on R&M parameters and the varidogistics
logistics model are shown in the example output insupport cost. As anxemple, varying the mission
Table 5. length will increase maintenance actions per mission
(MA), maintenance hours (MH) and spares
requirements as shown in Figure 9. This,colrse,
will result in an increase in main-tenance personnel
costs, spares costs, and other related logistics costs.




Maintenance

Actions

per

mission

Table 6. Annual Operations and Support Costs in Millions of Dollars.

MTBM MTTR Orgn

Depot Spare€Expend Ware- ILS Sys  Total

factor factor house mgt Spt
1.00 1.0 127 .021 .071 .61 17.03 91.81 136
1.20 .9 12.4  .016 .055 .52 16.85 91.77 134
1.50 .8 12.0 .012 .042 A4 16.71 91.71 131
1.75 7 11.6 .010 .035 .38 16.58 91.67 129
2.00 5 11.4  .009 .030 .35 16.53 91.64 128
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Figures 10 and 11 illustrate the effethat
overall vehicle size has on tlsipport requirements.
Size in-crease is shown as measureddby weight
(with other dimensions increasing proportionately) in
order to provide darger payload toorbit. Figure 10
illustrates the increased number ofaintenance
actions due to the wehicle gih and its effect on
overall reliability. Figure 11 shows the impact on
maintainability of this growth in terms of the number
of maintenance man-hours and personnel required for
support. The rapid growth in the number of

Figure 10. Maintenance actions required per mission agnaintenance actions, leveling off abaee hundred

a function of vehicle size for @xample mission.
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thousand pounds reflects the underlyaigcraft data
base. The support manpower does not increase at the
same rate as the number of maintenance actions. The
maintenance manpowgrer maintenance action for
the smaller systems appears to be higher thathe
larger systems. Thidigure indicates the level of
savings inmanpowersupport forthe larger systems
delivering larger payloads.

Table 6 illustrates the effect thatystematic
changes inehicle R&M due to desigrmhanges have
on logistics support costs as measured by the MTBM
and MTTR. For the scenario beiramalyzed, aotal
cost savings of over 8 million dollars a year would be

Figure 11. Maintenance manhours and support person-observed if the reliability were doubled (MTBM) and

nel as a function of vehicle size for@mmple mission.

I I I
24 48 72 96 1

20 144 168 192 216 240 264 288 312 336
Mission length, hr

maintainability halved (MTTR)from the baseline
estimate as a result of desigrhangessuch as
reducing subsystem compleity, adopting new
technologies, increasing the use mbdularization,
improving parts and material selections, and
changing to a predominately remove aneplace
maintenance concept.

Other trade-off analyses of interesnight
include changes in the mission rate of the fl&gith
a baseline rate of 20 missions per year, the graph
shown in Figure 12 with the cost data depicted in
Table 7 was deweloped showing thacrease in
logistics support costs as the mission ratereases.
The most sensitive cost cate-gories are shown

Figure 9. Support requirements as a function of missiorseparately.

length.



600 The R&M model focuses on thenaintenance

and support of the launchehicle up to launch. It
does not address payload operations, launch or mis-
LOG SPT sion support although these can hecounted for

500

400

$M 300 with input from other sources. The model provides a
200 means to combine data from diverse sour&gjttle
SYS SPT and aircraft, and from different time periods.altows
100 . . .
ORG MNT the user to make the comparisons in the sdime
O ot 35 35 40 45 5 = oo frame anq to accountor thg dilferences. in growth
Weight, kib rate of diferent technologies. The logisticaodel
expands on this basic comparison to show tifiectsf
Figure 12. Costs as a function of mission rate. of design and support decisions on areas that are not

directly related to the design concept. When histori-
Table 7. Costs ($M) versus Missions per Year cal data can be used, both modeliagproaches
benefit from the roll-up of support costata that

MSN/YR ORG MNT LOG SPT SYS SPT TOTAL might otherwise be overlooked or lost since it is be-

20 11.9 167.6 90.1 290 neath the level of definition availabl@uring concep-

25 12.4 188.1 91.0 316 tual analysis.

30 12.7 208.1 91.8 343 The obvious diferencedetweenaircraft design

35 13.1 228.8 92.6 369 parameters and operating environments and that of a
40 13.6 249.2 93.3 396 launch wehicle is always a limiting factor in using
45 13.9 269.8 95.1 424 the parametric approach. Unfortunately, since the
50 14.6 289.6 104.0 458 Shuttle is the only manned launclehicle thereby

60 18.2 330.1 104.0 504 providing a sample size of one, it is not possible to

dewvelop similar parametric relationships basgzbn

Other trade-offs are possible. The examples protaunch vehicles. Although the methodologgcounts
vided are only illustrative of the analystsapabilities for these environmental diferences, it would be far

available using the R&M and logistics cost models. better if R&M factors and support costs weraihv
Current research is seeking ways to increase thable for seeral different launch vehicle designs and

fidelity and scope of these models. operating concepts. On the other hand, reliance on
historical Shuttle R&M parameters and suppzobts
Benefits and Limitations in dewveloping cost accounting relationshipshile

providing in some cases thanly means ofestimat-

The purpose of these models is to provide insightng certain support requirements, does not provide a
into the effects of design anchaintenanceconcept high degree of confidenctor performingdesign-cost
choices on the operations amsdpportrequirements trade-ofs. This is particularly true when theoncep-
of conceptual systems. They primarily providaid- tual design or operational and support environment
ance to the magnitude and direction abffange that varies considerablyfrom that of the Shuttle. How-
can be expected in turntime, manpowresources, ever, as noted earlier, the models can be utilized in
and costs of decisions madhiring the conceptual both anaircraft and shuttle mode to “bracket” the
phase of development. Since they are basechien answer and, in angase, it is therelative diferences
torical data they also provide estimateslative to and not the absolute costs which are typically more
the experience of operationalrcraftand launch ve- important in performing the conceptual design of the
hicles. In general these models are expectatliev next generation of launclehicles.
models and do not accoufdr the variance that oc- Validation of these models is difficult because of
curs in operational systems. However, with the use dfack of independent data. What information that is
simulation modeling, variability in failure rates, re- available has generally been used to dewlop the al-
pair times, mission lengths, and resourcailability = gorithms used in the models. The R&M model was
and their effects on mission rates, turntimes, pad  validated against independerdircraft parameters
sonnel and spares requirements can be modeledsing datafrom a diferenttime period. Theresults
When available, theesults of the simulatiormodel provided R&M parameters within 20%r 3 specific
cost drivers can replace the R&M model results for aircrdt. The model could only be verifiedor the
better fidelity. Shuttle data in a test case compamgith the top

level information that is kmwan. The manpower re-
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quirements for Shuttle had to be inferred fregstem
level datafor each of the underlying subsystems. In
general, cost information necessary to calibrmteh 1.
of the logistic cost elements was nouitable and

the model can only be used to infer the effects of
changes tathe design or support environment. The2.
nonparametric logistics algorithms used wdrased

on the experience and intuitive judgment thibse
who have worked thé&huttle andaircraft progams.
They are not curve fit to empirical data.

These models illustrate the potentfat defining 3.
support requirements during theonceptual design
process. Howewer, they have of necessity been de-
veloped with less than the desired level of diaten
the Shuttleprogam. Lack of comparability with air-
craft operations prevents thalternative parametric
approach. As more of this type of information be-4.
comes available, the models will need to lpmlated
to provide results based on the most currently dem-
onstrated capabilities andupport policies. Opera-
tions and support analysis aedtimationsfor future
launch vehicles has always been somewhat of a sub-
jective area. Through thigprocess, the level of sub- 5.
jectivty can be reduced by providing resubssed
on design, maintenancegnd operating and support
histories. These add validity to the resultscause
they are traceable to demonstrated capabilityese 6.
methodsallow the user to define the suppdrased
on what can reasonably bachieved with current
technologies and support policies. Only then can ra-
tionale judgment be made as to the potential im-
provement and value of introducing néechnologies 7.
and support practices.

Summary/Conclusions

Methods have been presented which are under
development for defining support requiremedtsing 8.
the conceptual design phase. These analysis methods
are based on comparability to suppoeguirements
for current operationahircraft and launch ehicles.
The methods form a basfer prouding relative sup-
port estimatesfor new launch wvehicle designs and
operating scenarios. Thelative changes tsupport 9.
requirements dewveloped by these models camudwsa
to help discriminate among new designs and support
concepts. The benefits and limitations of these ap-
proaches to defining suppddr new launch &hicles
have been discussed.

11

Refaences

Logistic Support Analysis, MIL-STD-138&pril
11, 1983.

Reliability-Centered Maintenance Requirements
for Navel Aircraft, Weapons Systems and Sup-
port Equipment, MIL-STD-2173, January 26,
1986.

Schilgheck, R. A. and J. K. Bys. "Simulating
The Operations of the Reusable ShutBpace
Vehicle." Proceedings of the 197Bummer
Computer Simulation Conferencgp. 192-152,
July 1971.

Morris, W. D., T. A. Talay and D. G. Eide.
“Operations Simulatiorfor the Design of a Fu-
ture Space Transportation System.” Presented at
the AIAA 21st Aerospacéciences Meeting, pa-
per no. 83-0140, January 1983.

Morris, W. D. and N. H. White. “/SpaceTrans-
portation System Operations ModeNASA TM
100481, December 1987.

Huseonica, W. F., private communication,
“Shuttle 1l Data Base Delopment,”Teledyne
Brown Engineering, SC7490, Hunity, AL,
July 1987.

Ebeling, C. E.,private communication,“The
Determination of Operational and Support Re-
quirements and Costs During Th€onceptual
Design of Space SystemsGrant No. NAG1-1-
1327, University of Dayton, August 1992.

Ebeling, C. E.;'Parametric Estimation of R&M
ParametersDuring the Conceptual Design of
Space Vehicles.” IEEE 1992 NationAkrospace
and Electronics Conference, Vol 3, Univ. of Day-
ton, Dayton OH, pp. 955-959.

Morris, W. D., N. HWhite, W. T. Davis and C.
E. Ebeling, “Defining Support Requirements Dur-
ing Conceptual Design of Reusable Launch Ve-
hicles,” Presented at th&lAA 1995 SpacePro-
grams and Technologies Conferen&sptember
26-28, 1995, paper No. AIAA-95-3619.



10.

11.

12.

13.

14,

15.

16.

Weber, T. F., “Reliability and Maintainability in
Space Systems Design.” Presented at Aleeo-
space Design Conference, Papwr. 93-1025,
February 16-19, 1993.

Fleming, B. W., private communication,
“Launch Vehicle Maintenance AnalysisMar-
tin Marietta Manned Space SystemBIAS1-
18230, Task 18NASA Langley Research Cen-
ter, Hampton, VA, November 1992.

Morris, W. D., N. HWhite and C. EEbeling,
“Analysis of Shuttle Orbiter Reliability and
Maintainability Data for Conceptual Studies,”
Presented at the AIAA 1996 Space Programs and
Technologies Conference, Septemb&¥4-26,
1996, paper No. AIAA-96-4245.

Seymour, V. M. and K. A. Ingoldshyprivate
communication, “Operations an8upport Data-
base and Anlaysis,” Lockheed MartiManned
Space SystemsNAS8-36200, TD-926, NASA
Langley Research Center, Hampton, VA, July
1996.

Ebeling, C. E.private communication, “Opera-
tions and Support Costs Modeling @bnceptual
Vehicles,” Grant No. NAG1-1-1327, Uniersity
of Dayton, December 1994.

Ehrlich, C. F., Jr.'Personnel LaunchSystem
(PLS) Study Final Report (DRD12),NASA
CR-187620, October 1991.

Cline, G. C.private communication, “Logistics

Cost Analysis Model,” Rockwell International
Space Systems DivisiolNAS1-19243, Task 15,

NASA Langley Research Center, Hampton, VA,
October 1994.

12



